Background. Understanding the relationships between clinical tests, the processes they measure, and the brain networks underlying them, is critical in order for clinicians to move beyond aphasia syndrome classification toward specification of individual language process impairments. Objective. To understand the cognitive, language, and neuroanatomical factors underlying scores of commonly used aphasia tests. Methods. Twenty-five behavioral tests were administered to a group of 38 chronic left hemisphere stroke survivors and a high-resolution magnetic resonance image was obtained. Test scores were entered into a principal components analysis to extract the latent variables (factors) measured by the tests. Multivariate lesion-symptom mapping was used to localize lesions associated with the factor scores. Results. The principal components analysis yielded 4 dissociable factors, which we labeled Word Finding/Fluency, Comprehension, Phonology/ Working Memory Capacity, and Executive Function. While many tests loaded onto the factors in predictable ways, some relied heavily on factors not commonly associated with the tests. Lesion symptom mapping demonstrated discrete brain structures associated with each factor, including frontal, temporal, and parietal areas extending beyond the classical language network. Specific functions mapped onto brain anatomy largely in correspondence with modern neural models of language processing. Conclusions. An extensive clinical aphasia assessment identifies 4 independent language functions, relying on discrete parts of the left middle cerebral artery territory. A better understanding of the processes underlying cognitive tests and the link between lesion and behavior may lead to improved aphasia diagnosis, and may yield treatments better targeted to an individual's specific pattern of deficits and preserved abilities.
Introduction
Most survivors of left hemisphere (LH) stroke never fully recover their language abilities and are left with chronic aphasia. 1 Rather than diagnosing classical aphasia syndromes (eg, Broca's aphasia), the primary goal of modern aphasia assessment is to identify deficits in specific language processes. 2 Assessing damage to specific aspects of language can help clinicians focus the rehabilitation plan for the individual patient, potentially improving outcomes.
However, identifying a given patient's deficits requires clear understanding of the mapping between common language tests and the dissociable underlying processes they measure. Furthermore, examining correspondences between lesion location and dissociable language processes rather than individual test scores may provide a more comprehensive way to examine the brain's language systems.
Factor analysis, a data reduction technique used to extract the underlying factors in a dataset, can reduce a large number of behavioral scores to a few "latent variables" that best explain the variability in the data. 3 This approach has been used to examine dissociations between semantics and phonology in people with LH stroke 4, 5 as well as more broadly to determine the most important factors underlying large testing batteries for aphasia assessment. 6, 7 These studies then combined the extracted factors they found with lesion-symptom mapping techniques, revealing the brain areas associated with each factor. Here, we similarly administer a detailed language assessment battery that includes standardized tests commonly used in clinical practice and then identify core language variables via a factor analysis of scores on these tests. Our aim is to identify core language and cognitive processes affected by LH strokes, and to determine the degree to which tasks commonly used in clinical assessment rely on one or more of the core language variables. We then use a multivariate lesion symptom mapping technique to determine the brain areas associated with the core language processes identified by our factor analysis. The technique was designed to have predictive power and high generalizability in that it is less vulnerable to single patients or small groups of patients within the sample. We believe that this combination of a factor analysis that includes tests commonly used in clinics with a multivariate, generalizable, lesion-symptom mapping technique, will be of interest to clinicians working with people with aphasia at all severity levels and with deficits in all parts of the language system.
Methods

Participants
Thirty-eight native English speakers with chronic LH stroke (>6 months) participated in the study. All participants had suffered LH strokes, and had no history of other neurological problems or significant psychiatric disorders (see Table 1 ). Though our decision to include only LH stroke patients limits interpretation of our results to some degree, it has been standard practice for lesion-symptom mapping studies of aphasia. 5, 6, [8] [9] [10] Our cohort was more inclusive than many other studies in that we included people with all levels of aphasia severity as well as people who had "recovered," and we included left-handed people. The study was approved by the Georgetown University Institutional Review Board (study #PRO00000315), and all participants provided informed consent.
Behavioral Testing Methods
The behavioral evaluation was designed to assess language and cognition thoroughly and through different modalities. It was administered by a speech-language pathologist or PhD cognitive scientist and was completed in a single day over 3 to 5 hours, with breaks as needed. Tests were administered in the same order (listed below) for all participants and were videotaped to resolve any scoring issues. A brief description of each test follows:
Western Aphasia Battery-Revised (WAB) 11 : The WAB includes subtests of spontaneous speech (conversational questions and picture description), auditory verbal comprehension (yes/no questions, auditory word recognition, and sequential commands), repetition (of words, phrases, and sentences), and naming and word finding (object naming, category fluency, sentence completion and responsive speech). The test calculates an aphasia quotient (AQ) for each patient (Table 1) . Cognitive Linguistic Quick Test (CLQT) 12 : The CLQT is a test that assesses several aspects of cognition, and was designed to be appropriate for use in individuals with acquired language impairments. Here, we use the executive function composite score (which comprises symbol trails, category and letter fluency, mazes, and design generation). Philadelphia Naming Test (PNT) 13 : The PNT is a confrontation naming test of black and white drawings. We use a reduced 60-item version. Apraxia Battery for Adults (ABA), Increasing word length subtest 14 : Participants are asked to repeat words that increase in number of syllables as suffixes are added (eg, "thick, thicken, thickening"). Deterioration in performance as word length increases is the measure of apraxia severity Pseudoword Repetition: In this in-house test, pseudowords increase in length from 1 to 5 syllables as the 30-item test progresses. Category and Letter Fluency: Participants must generate as many items as possible within certain categories (animals, items in a supermarket, things you wear) or that begin with certain letters (M, F, A, S) in 60 seconds. Philadelphia Naming Test (PNT)-Written: A subset of 30 items from the PNT are presented again for written confrontation naming. Digit Span: Number strings of increasing length are presented for repetition, first forward and then backward. Pyramids and Palm Trees 15 : Participants must determine which of 2 pictures matches better with a third picture. It is designed to test nonverbal semantics. Reading real words: Participants are presented with single words, 3 to 7 letters long, of all parts of speech and levels of concreteness and asked to read them aloud. Reading pseudowords: Participants are asked to read aloud pseudowords, 3 to 4 letters in length. Auditory word-to-picture matching: This in-house test requires participants to identify a picture of an object from among 5 semantic foils after the object name is presented. Boston Diagnostic Aphasia Examination (BDAE; excerpts) 16 : The embedded sentences, semantic probe, and complex ideational material subtests of the BDAE were used. The embedded sentences subtest requires the participant to choose 1 of 4 pictures described by a grammatically complex, auditorily-presented sentence. The semantic probe is a series of yes/no questions about the category, physical features, and function of common objects. The complex ideational material subtest also asks yes/no questions, of common knowledge and about brief auditorily presented paragraphs.
Factor Analysis Methods
Raw scores on all 25 behavioral tests were entered into a principal components factor analysis of the correlation matrix in SPSS 21. A standard eigenvalue >1 cutoff was used to determine the number of factors extracted. Varimax rotation with Kaiser normalization was used to create orthogonal factors and the rotated component matrix was used to examine the loading of each test on the extracted factors.
Imaging Methods
High-resolution 3-dimensional T1-weighted magnetic resonance images were acquired on a 3.0-T Siemens TIM Trio scanner within 1 week of behavioral testing, with the following parameters: repetition time TR = 1900 ms; echo time TE = 2.56 ms; flip angle = 9°; 160 contiguous 1 mm sagittal slices; field of view = 250 × 250 mm; matrix size = 246 × 256, voxel size = 1 mm 3 .
Lesion Tracings
Each lesion mask was drawn manually on the T1-weighted images in native space using MRIcron (http://mccauslandcenter.sc.edu/CRNL/clinical-toolbox) and reviewed by 2 neurologists (S.X. and P.E.T) blinded to the behavioral data. T1-weighted images were normalized to a standard older T1 brain template in Montreal Neurological Institute (MNI) space via the unified segmentation approach provided by the VBM8 toolbox in SPM8 running under Matlab R2014a. The lesioned area in T1 native space was masked out before spatial normalization. The derived deformations were subsequently applied to the lesion masks (see Figure 1 ).
Lesion-Symptom Mapping Methods
Multivariate lesion-symptom mapping was carried out on each factor score using support vector regression-based lesion-symptom mapping (SVR-LSM) running under Matlab R2014a (https://cfn.upenn.edu/~zewang/). SVR-LSM is similar to the univariate technique, voxel-based lesion-symptom mapping (VLSM), in that it uses binary masks of lesions in a standard anatomical space to assess relationships between lesion location and behavior. However, SVR-LSM addresses some of the limitations of univariate methods, such as VLSM. Given multiple possible lesion locations associated with a deficit, VLSM will favor the one more common in the sample of lesions. 9 Modeling evidence suggests that when a behavior depends on more than one brain area, lesion covariance can lead to mislocalization of lesion-behavior associations, 17 but SVR-LSM reduces these errors. 10 Multivariate lesion-symptom mapping techniques must be interpreted with caution, because the vector weights do not necessarily correspond to the level of their importance to the cognitive process being studied. 18 However, Zhang et al 10 directly compared SVR-LSM with VLSM using both real and simulated behavioral data and showed that results of the 2 techniques were strikingly similar, except that VLSM failed to detect some voxels their simulation model had established to be important to the deficit. They also found that the lesion parameters dictated by vascular architecture systematically introduce error into mass-univariate techniques. SVR-LSM works by using a machine learning-based multivariate support vector regression algorithm to find lesion-symptom relationships. 10 The model is trained to predict behavioral scores using damaged and undamaged voxels as independent variables and then a threshold is applied that favors prediction accuracy over fit accuracy. The model is therefore not as vulnerable to single patients or small groups of patients within the cohort and better generalizes to the population. 9 VLSM and the related technique, voxel-based correlational methodology (VBCM), typically control for lesion volume by including it as a covariate of no interest in the statistical analysis. SVR-LSM provides a direct total lesion volume control (dTLVC) method to control relationships between total lesion size, stroke distribution, and factor scores. 10 This method weights lesioned voxels in inverse proportion to the square root of the lesion size. Lesion volume control is applied directly to the normalized vectors from all participants combined into one matrix, which has the benefit of controlling for lesion volume without being overly conservative. It also improves sensitivity to detect relationships with behavior in voxels in which lesion-status correlates with lesion size. 10 Because SVR-LSM considers all voxels simultaneously in a single, nonlinear regression model, correction for multiple comparisons is not considered required. 10 Only voxels damaged in at least 10% of participants were included in our analysis. Voxel-level statistical significance was determined based on 10,000 Monte Carlo style permutations in which the factor scores were randomly associated with the lesion masks, and the resulting P-map was thresholded at P < .005, with an arbitrary cluster threshold of 500 mm 3 .
Results
Factor Analysis of Behavioral Tests
The factor analysis of behavioral scores yielded four factors that accounted for 81% of the variance in patient test scores ( Figure 2 ). Based on the maximal loading score for each test, the factors clearly corresponded to four coherent language processes putatively measured by the tests. Tests loading mainly onto factor 1 (labeled Word Finding/ Fluency) included tests of naming (Philadelphia Naming Test, Philadelphia Naming Test-Written, WAB object naming), word finding (WAB sentence completion, WAB spontaneous speech content) and verbal fluency (WAB fluency, category fluency). Tests loading mainly onto factor 2 (labeled Comprehension) included those measuring comprehension at the word or sentence level (eg, yes/no questions, sequential commands, and word recognition from the WAB, and the Auditory word-to-picture matching test). Tests loading mainly onto factor 3 (labeled Phonology/ Working Memory Capacity) included tests of output phonology, mainly repetition tasks (eg, Apraxia Battery for Adults Increasing word length subtest, Pseudoword repetition, forward digit span). Tests loading onto factor 4 (labeled Executive Function) included 2 tests widely thought to 
assess executive functions (Cognitive Linguistic Quick Test
Executive function composite score, backward digit span).
Examining the relative differences in loading scores between factors revealed other informative patterns. Tests generally thought to be relatively pure measures of the individual language processes above loaded strongly and specifically on the corresponding factors. For instance, naming tasks loaded specifically onto Word Finding/Fluency with low loading scores for other factors (eg, Philadelphia Naming Test factors 1, 2, 3, 4: .84, .25, .25, .25; see Figure 2 ). In contrast, tests like letter fluency that are thought to rely on multiple processes (Word Finding and Executive Function, factors 1 and 4), loaded onto both of the predicted processes (Letter Fluency factors 1, 2, 3, 4: .56, .19, .39, .44). Similarly, auditory comprehension tests at the single word level (Auditory word-to-picture matching, WAB word recognition) loaded secondarily on the Word Finding/ Fluency factor, whereas tests requiring more working memory (WAB sequential commands, WAB yes/no questions) loaded secondarily on the Phonology/Working Memory Capacity factor.
The factor analysis also revealed that a few tests did not load primarily onto the factors one might expect, considering what the tests were designed to assess. The Boston Diagnostic Aphasia Examination embedded sentences task, a classic test that putatively assesses grammatical comprehension, loaded fairly evenly across the four factors, with primary loading on the Phonology/Working Memory Capacity factor, and secondary on Comprehension and Executive Function (factors 1, 2, 3, 4: .36, .42, .51, .41). The Pyramids and Palm Trees test, which putatively assesses nonverbal semantic ability, loaded primarily onto Executive Function (.64).
Lesion-Symptom Mapping Results
Before conducting lesion-symptom mapping, we tested for relationships between the factor scores and demographic factors (age, time since stroke, education) using exploratory bivariate correlations and partial correlations controlling for stroke size. No relationships were observed (all P > .10), so these variables were not considered further during lesionsymptom mapping. The SVR-LSM analysis of factor scores demonstrated that lesions to discrete areas of the LH result in impairment in the different language factors (Figure 3 and Table 2 ). Word Finding/Fluency deficits were primarily associated with lesions to inferior frontal areas, including all 3 subregions of the inferior frontal gyrus (IFG) and the anterior insula. A smaller area in the dorsal parietal white matter was also associated with Word Finding/Fluency deficits. Comprehension deficits were associated with lesions to the superior temporal cortex anterior to Heschl's gyrus. Phonology/Working Memory Capacity deficits were associated with lesions to ventral motor and somatosensory cortex, supramarginal gyrus, and the posterior planum temporale. Executive Function deficits were associated with the middle frontal gyrus (dorsolateral prefrontal cortex), dorsal Rolandic cortex, and posterior frontal white matter in the superior longitudinal fasciculus. There was no overlap between the lesion symptom maps for the 4 factors.
Discussion
Language is complex and relies on multiple brain areas and cognitive processes. In order to accurately assess language deficits in stroke patients, one must understand the discrete language processes measured by clinical language assessments, and the degree to which performance on individual tests relies on each of these processes. This is not always obvious, even for common bedside language tests. Our findings demonstrate that a thorough aphasia assessment including common clinical tests can identify 4 statistically dissociable language processes linked to discrete parts of the left middle cerebral artery territory. The majority of tests in our battery loaded most strongly on the factors they were designed to assess. Many tests relied equally on more than one factor or most strongly on an unexpected factor, indicating that performance on widely used aphasia assessments, such as the WAB, should be considered in the context of a patient's overall language and cognitive abilities. For example, the WAB repetition subtest loaded most strongly on Phonology/Working Memory Capacity, but it could be helpful for clinicians to consider that it also loaded on Comprehension and Word Finding/Fluency. Our factor analysis also quantifies the complexity of tasks like the Boston Diagnostic Aphasia Examination embedded sentences task, which requires auditory comprehension of a grammatically complex sentence while simultaneously processing 4 pictures containing different named objects, by showing that this task loaded onto all 4 factors. When the goal of a brief clinical examination is to assess a specific function, the tests we found to load most specifically on a single factor may be the most useful. Alternatively, when time is short and assessment of overall language ability is the goal, tests relying on several factors might be more appropriate. The use of subtests from aphasia batteries as independent scores here presents an interesting opportunity for comparison of our results with other recent studies using data reduction techniques on full scores of language and cognition tests for aphasia. 6, 7 Most tests used in these previous studies were longer and more detailed assessment tools, yet our results replicate the factors these studies found and produce similar neural correlates. Though there was no exact overlap in the tests used (with the exception of forward and backward digit span), Halai et al 7 found four factors similar to ours (phonology, semantics, cognition, and speech quanta or fluency). Our replication of these results indicates that factor analysis is a robust technique for understanding the cognitive and neural underpinnings of aphasic deficits regardless of the measures used.
Though the results were similar, there were some notable differences. The previous studies included "speech quanta" measures (eg, words per minute) in their factor analysis, which could explain some of the differences in the way their tasks broke down onto the other factors compared to ours, and why their lesion maps placed the fluency factor posterior to ours (precentral gyrus vs IFG). Examining the one test that was exactly the same between the studies, digit span, we see that both forward and backward digit span loaded strongly almost exclusively on their phonology factor, whereas in our analysis, forward digit span loaded most strongly on Phonology/Working Memory Capacity and backward digit span on Executive Function. Though the factor loadings differed, the extracted factors and their neural correlates were still quite similar across 2 different labs, test batteries, and groups of subjects.
Our lesion-symptom mapping results demonstrated that discrete parts of the left middle cerebral artery distribution related to the underlying language processes identified in the factor analysis. The current study contributes to a growing understanding of the neuroanatomy of specific language functions that may help clinicians move beyond aphasia syndrome classification and better understand acquired cognitive and language deficits.
Our finding that IFG lesions were associated with deficits in Word Finding/Fluency corresponds with the results of functional neuroimaging studies on verbal fluency in healthy participants, which typically show robust activity in this area. 19 Notably, since repetition tasks segregated into an independent factor with a different localization, the role of the IFG here in Word Finding/Fluency cannot be attributed to articulatory-motor planning for speech. Some have argued that the IFG performs syntactic functions specific to language. 20, 21 A few of the tasks contributing to the Word Finding/Fluency factor do involve grammatical production or comprehension (eg, WAB spontaneous speech fluency, WAB sentence completion). However, the tasks that loaded most specifically on the Word Finding/Fluency factor were naming tasks, specifically the Philadelphia Naming Test, which only tests concrete nouns and hence excludes any syntactic or morphological processing. Alternatively, some have suggested the IFG plays a more general role in cognitive control in situations that require selection between competing responses. 22, 23 The naming and fluency tasks in our battery require this type of control. 24, 25 In a prior study, both the degree of IFG activity in controls and the lesion burden in this area in stroke survivors related to performance on a word production task designed to exaggerate competition during word selection. 26 However, the factor analysis also showed that category and letter fluency tasks relied on the Executive Function factor as well as the Word Finding/Fluency factor, suggesting that executive control functions involved in word finding may have segregated into this separate factor. Rather, it seems likely that the localization of Word Finding/Fluency here reflects the roles of the anterior and posterior portions of the IFG in lexical semantic and phonological processing, 27, 28 both of which are required for word retrieval and production.
As suggested by many modern neural models of speech and language processing, 29, 30 our results provide further evidence that the brain's language systems extend well beyond the classical Broca's and Wernicke's areas. Our SVR-LSM analysis localizes comprehension to regions anterior to Heschl's gyrus, outside the classical posterior location of Wernicke's area. Indeed, a previous lesionsymptom mapping study found that lesions to Wernicke's area did not significantly affect language comprehension. 31 A recent analysis of cortical atrophy in primary progressive aphasia supports our findings, showing word-level comprehension is subserved by anterior temporal cortex. 32 Although this study suggested that sentence-level comprehension relies on distributed cortical areas, a large-scale meta-analysis of functional imaging studies found that auditory processing of increasingly complex stimuli from words to passages activated progressively more anterior portions of the superior temporal cortex. 33 The Phonology/Working Memory Capacity factor was associated with dorsal processing stream regions mapping phonology to articulation. 34, 35 The tests with the highest weights for this factor require little to no grounding in semantics (Apraxia Battery for Adults Increasing word length subtest, Pseudoword Repetition, Forward Digit Span) and should therefore rely largely on phonology and verbal working memory capacity. The lesion-symptom map of the Phonology/Working Memory Capacity factor correspondingly identified areas consistent with previous studies providing evidence for a dorsal phonological processing stream. For example, other recent factor analyses mapped speech production or phonology factors to similar parietal areas, [5] [6] [7] as did a study combining lesion-symptom mapping with white matter tractography in acute aphasia to determine lesions affecting pseudoword repetition. 36 Similarly, a combined functional magnetic resonance imaging and lesion-overlap map of conduction aphasia localized a sensorimotor interface for speech to the posterior planum temporale. 37 A study testing patients with inferior parietal damage showed that they performed disproportionately poorly on verbal working memory tasks such as repetition, while patients with inferior frontal lesions were not impaired on these tasks. 38 The Cognitive Linguistic Quick Test executive function composite score loaded most strongly on the final factor, along with backward digit span, a classic test of executive function. Furthermore, the lesion maps showed that this factor was associated with the well-established frontoparietal executive/attention network. 39 The role of dorsolateral prefrontal cortex in executive function is well known, 40, 41 and our SVR-LSM results agree with this localization. The results showed lesions extending into underlying parts of the superior longitudinal fasciculus and frontal subcortical white matter, consistent with studies showing impaired executive function associated with white matter damage. [42] [43] [44] A recent study using the Trail Making Test, which simultaneously measures processing speed, attention, visuospatial ability, and working memory, showed that lesions involving the superior longitudinal fasciculus are associated with executive deficits in setshifting. 45 Some language tests in our battery loaded on the Executive factor to a surprising extent (eg, Pyramids and Palm Trees, Philadelphia Naming Test-Written Naming). Another recent factor analysis found that the Camels and Cactus test, which is similar to the Pyramids and Palm Trees test used here, also loaded strongly onto a "cognitive" factor. 6 These similar findings suggest that caution should be used in attributing poor performance to the semantic deficits these tests are intended to measure. Though both tests assess semantics without requiring an oral response, neither assesses semantics without also assessing executive function.
A better understanding of the mapping between common language tests and the underlying processes they measure could improve aphasia diagnosis, and also allow clinicians to identify redundant tests in order to streamline their assessments, leading to improved diagnosis and treatments better tailored to an individual's deficits. Here, we have demonstrated the value and limits of typical aphasia tests in assessing deficits in discrete language processes and the brain structures underlying them.
